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Tomato spotted wilt virus (TSWV) causes significant disease of many food and ornamental crops, with over 600 recognized host species (15) . Some control of the disease was achieved in the 1940s and 1950s through control of the thrips vector in Europe (20) . Subsequent spread of TSWV has been attributed to spread of western flower thrips, Frankliniella occidentalis. In the United States, TSWV first appeared in ornamental crops on the West Coast. The virus affected peanuts in Texas in 1974 and caused yield losses by the mid1980s (25) . Yield reductions were observed in Georgia by 1993 (11) . TSWV was first recognized in North Carolina peanuts in 1990, and by 1995 it was reported throughout the peanut producing area of the state. However, there have been no appreciable yield reductions attributable to TSWV in North Carolina.
TSWV is capable of replication within thrips (30) and is vectored in a persistent fashion (21, 22) by thrips species. Thrips acquire the virus as first instar larvae (17) and are then capable of transmitting the disease after a latent period of 3 to 7 days (20) . It was initially thought that only adults were able to transmit the virus; however, it has been shown that TSWV can be transmitted by second instar F. occidentalis larvae and adults (32) . Adult thrips are capable of vectoring the virus in as little as 5 min (21) , making control of spread of TSWV with insecticides difficult. TSWV is not transmitted transovarially (31) and is not seed-borne. Mound (18) lists seven confirmed vector species: F. fusca, F. intonsa, F. occidentalis, F. schultzei, Thrips palmi, T. setosus, and T. tabaci. Three of these species, F. occidentalis, F. fusca, and T. tabaci, are found in association with agroecosystems in North Carolina (13) . Of this group, F. occidentalis and T. tabaci occur only occasionally in North Carolina peanuts (1).
Disease management based on thrips control in peanut is difficult. When insecticides are utilized, TSWV incidence has not been reduced (28) . However, cultural techniques, such as cultivar selection, field selection, plant spacing, and planting date, have been successful in limiting TSWV epidemics (5). Experiments conducted in Texas (2) and Georgia (11, 12) have documented up to a twofold difference among peanut cultivars in the incidence of TSWV due to cultivar selection. Transgenic technology may also become a useful tool in the future (29) ; however, identification and utilization of peanut cultivars that are either resistant or tolerant to TSWV, in combination with cultural techniques such as field selection and planting date, has offered short-term protection in Georgia (4).
Prior to 1996, no large-scale field evaluations had been conducted to identify TSWV-susceptible and -resistant cultivars among North Carolina grown peanut cultivars. The three selected cultivars evaluated in this test were chosen because preliminary reports indicated the possibility of a twofold difference in symptom expression between NC-9 and NC-V11, and because of seed availability and their wide usage in North Carolina. This experiment was conducted to determine TSWV resistance or tolerance among these Virginia-type peanut cultivars grown under field conditions in North Carolina.
MATERIALS AND METHODS
1995 experimental field design. Initial evaluations of TSWV incidence in Virginia-type peanut cultivars were made at two locations in 1995 in North Carolina. One was in Bertie County, at the Peanut Belt Research Station, Lewiston, where thrips feeding damage and TSWV incidence in peanut cultivars NC-9 and NC-V11 were assessed. Each plot consisted of two rows 27 m long (240 plants per row). Because of field constraints, plots of NC-9 and NC-V11 were replicated three and four times, respectively. Both cultivars were located within a 2.4-ha planting of several different peanut cultivars.
The second location was an on-farm test of 225 peanut genotypes in Gates County that was established to evaluate Sclerotinia minor resistance. This test was randomly arranged in plots of 14 plants each, with four replications per genotype. Based on a visual rating of TSWV symptoms in the S. minor test site conducted on 24 July 1995, peanut genotypes were observed that exhibited a wide range of TSWV symptom expression. This range in symptom expression provided a first opportunity to assess TSWV susceptibility among peanut breeding lines in North Carolina. Six genotypes representing a range of visual symptoms were selected for assay by double antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA) to de-termine TSWV incidence in October. All plants in each of the six genotypes were assayed.
Bertie County field evaluation. The presence of thrips feeding damage on 50 randomly selected unopened leaflets per plot was determined. Damage was evaluated on three occasions: 22, 38, and 43 days postplanting. TSWV incidence was recorded as the number of plants per plot with visual TSWV symptoms, which included combinations of leaflet bronzing, petiole twisting, concentric ring spotting, and plant stunting or wilting. No laboratory analysis was conducted to confirm presence of TSWV antigens. Plots were evaluated twice: 91 and 113 days postplanting.
Gates County field evaluation. Two newly opened leaflets and two root samples were taken from all surviving plants in each plot of six selected genotypes in October 1995. The leaflet and root samples from each plant were pooled separately and assayed by DAS-ELISA using a kit obtained from Agdia Inc. (Elkhart, IN) . Each pooled sample was tested in three microtiter plate wells. Healthy controls, positive TSWV controls, and grinding buffer blanks were included on each plate. Plates were read at an optical density of 405 nm (Molecular Devices, Vmax Kinetic Microplate Reader, Sunnyvale, CA). A well was classified as positive if its optical density value was greater than the plate's healthy control value plus three standard deviations.
1996 experimental field design. Three Virginia-type peanut cultivars were selected for field evaluation in 1996 based on the previous season's results. Cultivars were selected that represented a range of TSWV susceptibility. NC-9 was considered susceptible, and NC-V11 and NC-12C were considered moderately resistant. NC-9 and NC-V11 are among the top five cultivars with the highest production acreage in North Carolina. NC-12C is a newly released cultivar that has grown in popularity. Peanuts were planted in a randomized block design at three locations in the production area of northeastern North Carolina. Each treatment was a portion of a larger peanut field and consisted of a site 45 by 19.8 m. At each location, there were 12 plots, or four replications per cultivar. Replicated plots were assigned randomly and consisted of six rows, each 7.2 m in length. The middle two rows of the plots were evaluated for TSWV incidence, thrips populations, and per plant yield. Plants within the middle two rows were thinned to a 0.25-m spacing in an attempt to increase disease incidence (3,16). There was a maximum of 56 plants per replicated plot. All plots were separated by two rows, or 1.8 m, of Tamrun 88, a cultivar highly susceptible to TSWV (2).
Two study sites were located in Bertie County, the Griffin Farm (Bertie) and the Peanut Belt Research Station (Lewiston). The third treatment location was in Gates County, at the Griffin Farm. The soil type at Bertie is Norfolk sandy loam, at Lewiston is Goldsboro sandy loam, and at Gates is Craven-Shabuta. Production practices were followed according to NC Cooperative Extension Service recommendations (26) , except that no insecticides were used. Fungicides and herbicides were used as part of a typical pest management program.
Seeds were sown with a conventional six-row planter on 9 May 1996 at the Bertie and Lewiston sites. Rain delayed planting at the Gates site until 23 May. Therefore, all collections at Gates were conducted 2 weeks later than those at Bertie and Lewiston. For purposes of data analysis, however, sampling dates were calculated as time from planting.
Disease rating. The middle two rows of each plot were rated for visual symptoms of TSWV disease every week from 2 weeks postplanting until 2 weeks prior to harvest, a total of 15 weeks. Plants were considered symptomatic if one or more leaves displayed TSWV's characteristic concentric rings. Ratings were as follows: 1 = no symptoms; 2 = 1 to 33% of the leaves with symptoms; 3 = 34 to 66% of the leaves with symptoms; 4 = 67 to 100% of the leaves with symptoms; and 5 = plant death. Two leaflets from each symptomatic plant were analyzed by DAS-ELISA using kits from Agdia. Plants were considered positive if they had both visual foliar symptoms and a positive DAS-ELISA absorbance value that was three times the standard deviation of the optical density reading of five control wells plus the mean of five control wells. Positive plants were flagged in the field.
Thrips collection. Beginning at 14 days postplanting, samples were collected to monitor thrips populations. Twenty individual unopened quadrifoliate leaf samples were collected from the middle two rows of each plot at each sampling period. Samples were collected every 7 days for 13 weeks. Plot samples were collected and stored in 20-ml scintillation vials partially filled with 70% ethanol. Samples were examined under a dissecting microscope, and the number of tobacco thrips adults, larvae, or other thrips species was recorded.
Yield determination. Plants were harvested individually on 2 and 3 October at Bertie and Lewiston, respectively, and on 18 October at Gates. Plants were bundled by treatment and plot and stored until the pods were dry, then removed by hand and placed in a paper bag for an additional drying period of 2 weeks. Total pod weight and pod count per plant were recorded.
Mechanical inoculation. Twelve plants from each of the three cultivars were mechanically inoculated on 17 June 1996 with TSWV. Each peanut seed was sown in sterile soil in a 10-cm plastic pot. The isolate of TSWV used was obtained from peanut plants grown in North Carolina and maintained by J. Moyer, Department of Plant Pathology, NCSU. All leaflets of the youngest fully expanded leaf were inoculated at 14-days postplanting, when the plants had two or three leaves. The TSWV isolate was maintained in Emilia sonchifolia, flora's paintbrush, and mechanically transferred to Nicotiana benthamiana seedlings, where it was allowed to increase for 1 week prior to peanut inoculation.
vol). Beginning 13 days postinoculation, two leaflets from the youngest fully expanded tetrifoliate leaf were removed from each plant weekly for 4 weeks. Virus titer in the leaflets was determined by DAS-ELISA. Each leaflet was ground in a 1:10 ratio of plant to extraction buffer and transferred to three wells on a microtiter plate. The optical density (OD) was read 1 hour after addition of substrate buffer. A sample was considered positive if its value was greater than three times the standard deviation of the OD value of five predesignated healthy control wells plus the mean of five healthy control wells on the same microtiter plate.
Data analysis. Weekly disease ratings and thrips counts from all three locations were analyzed by analysis of variance (SAS Institute, Cary, NC), treating cultivars and locations as fixed effects. The protected LSD procedure was used to compare means for locations and means for cultivars averaged over locations. Similar analysis was carried out on log transformed larval and adult counts for each week.
RESULTS
1995 Bertie County. Any plant that exhibited typical thrips feeding damage, including misshapen leaves and/or stippled leaves, was considered to be a damaged plant. Thrips damage, although not significant, was greater in NC-V11 than in NC-9. At 22 days postplanting, 12% of NC-9 plants and 16% of NC-V11 plants exhibited feeding damage. At 38 days postplanting 37% of the NC-9 plants and 55% of the NC-V11 plants were damaged. At 43 days postplanting, feeding damage was 36% of the NC-9 and 51% of the NC-V11.
The number of plants expressing TSWV symptoms was higher in NC-9 than in NC-V11. NC-9 had an average symptom level of 8.67% at 91 days postplanting and 3.33% at 113 days postplanting. NC-V11 symptom level was 2.25% at 91 days postplanting and 1.5% at 113 days postplanting. The growth of healthy foliage concealing symptomatic vegetation and a premature drop of the symptomatic foliage contributed to an apparent decrease in infection levels from 91 to 113 days postplanting.
1995 Gates County. Incidence of TSWV was greater in NC-9 than in NC-V11. Of 42 NC-9 plants sampled, 47.6% tested positive for TSWV; 20 root and three leaflet samples were positive. Of 41 NC-V11 plants sampled, 23.8% were positive, nine root samples and three leaflet samples. A plant was considered positive if either root or foliage tested positive. In the remaining four genotypes, the incidence of TSWV was 23% in NC-7/NC-9, 17.5% in NC-V11/NCAc18016, 55.5% in NC-V11/ NC-10C, and 32% in NC-V11/NCAc 18229. 1996 disease incidence. Overall, incidence of disease was 5.99% of all plants across cultivars and locations. It was greatest at Lewiston at 11.06%, followed by the Bertie location with a 3.63% infection level and the Gates location with an infection level of 3.08%. Disease symptoms began to appear in week 5, 50 days after planting (Fig. 1A) . Total mean disease rating per plant was significantly higher at Lewiston than at Bertie or Gates locations, which began on week 9 and continued throughout the season. Disease ratings at Bertie and Gates sites were not significantly different (Fig. 1A) . NC-9 consistently had higher disease ratings than NC-V11 and NC-12C. The ratings were significant in weeks 8, 9, 10, and 11 (Fig.  1B) . Ratings among NC-V11 plants were somewhat higher in weeks 5 through 12 than those of NC-12C plants; however, this condition reversed in weeks 13 through 15 (Fig. 1B) .
Disease symptoms from weeks 5 through 8 tended to occur first in NC-9. As the season progressed, from week 9 through week 12, the incidence of TSWV symptomatic plants increased among all cultivars. Overall, more plants became infected during weeks 9 through 12, and the number of additional symptomatic plants decreased after week 13 across all cultivars. At Lewiston, the cumulative incidence of peanut plants with TSWV symptoms was higher in NC-9 (25 of 184 plants) than in NC-V11 (15 of 209 plants) (Table 1) .
Yield. Number of pods per plant and their mean weights were significantly greater at the Bertie location, followed by the Lewiston and Gates sites (Table 2) . Among the cultivars and across locations, NC-12C had significantly greater yield per plant than NC-9, but not significantly greater than NC-V11. Mean weight per pod was highest with NC-12C. NC-V11 had significantly greater mean pod count per plant ( Table 2 ). Plants that became symptomatic early in the season had lower yields than plants that became symptomatic later in the season and those that remained asymptomatic (Table 1) . Thrips counts. Season-long counts of adult and larval F. fusca were significantly higher at Lewiston than at the Gates or Bertie locations (Table 3) ; however, weekly counts of adults and larvae fluctuated ( Fig. 2A and C) . Overall, counts of adult and larval tobacco thrips were higher in NC-V11 than in the other two cultivars, but only significantly greater than NC-12C (Table 3 ). Adult F. fusca counts peaked in weeks 2 and 3, or 14 and 21 days postplanting, at all locations and across all cultivars ( Fig. 2A and B) . Larval F. fusca counts for Lewiston and Bertie peaked in week 4, or 28 days postplanting, and at week 6, 42 days postplanting, for Gates (Fig. 2C) . Larval counts by cultivar peaked consistently at week 4 (Fig. 2D) . Data from Gates for week 3 and from all but one set of replicates at Lewiston in week 5 were misplaced and are not represented in the data for those periods.
Mechanical inoculations. Inoculated peanut plants all had consistently high DAS-ELISA absorbance values (Fig. 3) , with no differences among the three cultivars. All three cultivars reached their highest virus titer on either the first (NC-9 and NC-12C) or the second sampling date (NC-V11), with decreasing absorbance values thereafter.
DISCUSSION
Field evaluations were more useful in this study than mechanical inoculations of peanut cultivars in evaluating TSWV resistance. The potential for multiple introductions of a virus across an entire leaf surface during mechanical inoculation may present a higher level of disease pressure than individual thrips inoculation. As a result, mechanical inoculations probably overwhelm subtle variations in disease tolerance or resistance mechanisms, which may be more apparent under field conditions.
A general correlation in 1996 occurred between thrips populations and incidence of disease at Lewiston, but was not present among peanut cultivars, nor across locations. The lack of a relationship between high thrips populations and high incidence of TSWV was corroborated by preliminary observations in North Carolina of thrips damage and disease occurrence with NC-9 and NC-V11 in 1995. Lower thrips populations, as at the Gates location, often resulted when peanuts were planted late (24) . Variation among symptomatic cultivars may also be related to differences in thrips survival rates on TSWV-infected peanuts of different cultivars. The variation in disease symptoms among cultivars, especially evident between NC-9 and NC-V11 at Lewiston, suggests the presence among Virginia-type peanuts of a range of TSWVresistant or -tolerant cultivars that can be selected and utilized in peanut production practices for North Carolina. However, interpretation of the results was difficult due to the relatively low incidence of symptomatic plants across cultivars in 1996 and the lack of a TSWV susceptible cultivar to use as a known reference. Until either disease pressure increases in North Carolina or currently grown peanut cultivars exhibit more susceptibility to TSWV, the selection of resistant cultivars will remain difficult.
Effect of location was a significant factor in disease incidence in 1996, and it is important to consider the implications of the comparatively high incidence of TSWV at Lewiston (11%) compared with the more moderate disease incidence at the Bertie (3.52%) and Gates (3.08%) locations as this disease becomes more abundant in peanut producing areas of the state. Lewiston is the site of the Peanut Belt Research Station and is subject to production of peanuts in closely arrayed fields. At the other two sites, peanuts or other TSWV hosts are not produced in adjacent fields year after year. If thrips populations and virus levels are not static across peanut production areas, it is plausible that virus inoculum is increasing, or decreasing, at different rates at different locations due to variations in the densities of viral plant hosts and thrips populations. Alternatively, viruliferous thrips may migrate preferentially at different locations based on plant host attractiveness or on localized environmental factors that affect the number of thrips vectors migrating into production fields.
Viruliferous thrips and infected plant hosts are sources of TSWV in the spring. The importance of weeds as alternate hosts has long been recognized in the epidemiology of TSWV (9, 23) . Tobacco thrips have been shown to overwinter in Florida (27) , Georgia (6, 7, 8) , Louisiana (19) , North Carolina (1,10; L. E. Garcia, R. L. Brandenburg, and G. G. Kennedy, unpublished), and South Carolina (14) . It is possible the virus overwinters in thrips and that these thrips are the source of primary infection of peanuts. However, overwintering thrips are probably more important as a shortterm bridge between alternate weed hosts and subsequent virus spread to offspring during the spring than they are as a primary source of infection in spring planted peanuts.
From a management perspective, the selection of peanut cultivars with low incidence of disease is obviously preferred because it requires no additional inputs of capital, little or no educational programming to implement, and it offers environmental protection. This study has shown that there are differences in the level of TSWV infection among the peanut cultivars grown in North Carolina. The differences between infection levels of NC-9 compared with NC-V11 and NC-12C may warrant a shift in production away from more susceptible peanut cultivars. Additional cultivars need to be evaluated under greater disease incidence to find a cultivar with significant TSWV tolerance or resistance and with acceptable agronomic characteristics. Although not always practical, the careful selection of production fields for those with low levels of disease incidence or inoculum, as recommended in Georgia's TSWV Risk Assessment Index (5), together with the destruction of known TSWV weed hosts may also reduce the buildup of inoculum in the environment and the overall disease incidence.
